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EXPERIhlENTAL INVESTIGATION OF A LARGE-SCALE, TlV’O-DIbIENSIONAL, 

MIXED-CObIPRESSION INLET SYSTEM - I 
Performance a t  Design Condi t ions ,  Mm = 3.0  

I 
Warren E .  Anderson and Norman D. Wong 

I Ames  Research Center 

Advanced supe r son ic  a i r c ra f t  r e q u i r e  h ighly  developed a i r - i n d u c t i o n  
systems t o  a t t a i n  maximum performance. With supe r son ic  t r a n s p o r t  mission 
s t u d i e s  as a g u i d e l i n e ,  a l a r g e  s c a l e ,  two-dimensional, mixed-compression 
i n l e t  model was designed f o r  Mach number 3 . 0 .  
o f  t h e  i n l e t  system was i n v e s t i g a t e d  over  the  Mach number range from 0 . 6  t o  
3 .2 .  
2.0x106, r e s p e c t i v e l y .  

Overa l l  compression e f f i c i e n c y  
I 

The Reynolds number p e r  f o o t  i n  t h i s  range v a r i e d  from 4 . 3 ~ 1 0 ~  t o  

Data are p resen ted  f o r  t h e  design Mach number of  3.0 (Reynolds nunlber p e r  
f o o t  = 2 . 2 ~ 1 0 ~ )  where h igh  i n l e t  performance was ob ta ined .  The effects  on 

I performance o f  boundary-layer  b l eed  u t i l i z i n g  porous i n t e r n a l  s u r f a c e s  were 

s o n i c  d i f f u s e r  shape and vo r t ex  gene ra to r s  mounted i n  t h e  t h r o a t  reg ion  
I i n v e s t i g a t e d  e x t e n s i v e l y .  Other  geometr ic  v a r i a b l e s  eva lua ted  inc luded  sub- 

f o r  
reduced flow d i s t o r t i o n  a t  t h e  engine- face  s t a t i o n .  Also,  t h e  e f f e c t  o f  1 v a r i a t i o n s  i n  t h r o a t  r eg ion  divergence and t h r o a t  h e i g h t  were i n v e s t i g a t e d .  I Extens ive  measurements o f  boundary-layer  p r o f i l e s  on t h e  i n t e r n a l  duc t  s u r -  
f aces  i n d i c a t e d  a s t r o n g  fo rced  mixing e f f e c t  on t h e  ramp r e s u l t i n g  from t h e  

I 

I use  of vo r t ex  gene ra to r s .  Engine-face t o t a l - p r e s s u r e  performance, d i f f u s e r  
I s t a t i c - p r e s s u r e  d i s t r i b u t i o n s ,  boundary-layer c h a r a c t e r i s t i c s ,  and engine-  

f a c e  s t a t i c - p r e s s u r e  uns t ead iness  are presented  f o r  an optimum d i f f u s e r  and 
b l eed  combination. 

I NT RODUCT I ON 

The t e c h n i c a l  d i s c i p l i n e s  t h a t  form t h e  b a s i s  f o r  des igns  o f  supe r son ic  
a i r c r a f t  must be c o n t i n u a l l y  upgraded by ex tens ion  and r e v i s i o n  t o  meet t h e  
expanding needs of  p r e s e n t  and f u t u r e  design requi rements .  Although t h e  
technology o f  a i r c ra f t  propuls ion  systems i n  gene ra l  is a primary concern t o  
d e s i g n e r s ,  a i r - i n d u c t i o n  systems s p e c i f i c a l l y  have been t h e  f o c a l  p o i n t  of  
r e c e n t  aerodynamic i n t e r e s t  because of  t h e i r  unique f u n c t i o n  o f  c o n t r o l l i n g  . 
t h e  impor tan t  aerodynamic i n t e r f a c e  between a i r f r ame  and engine .  
ment of  a i r f rame-engine  c o m p a t i b i l i t y  extends over  an e v e r  i n c r e a s i n g  f l i g h t  
envelope t h a t  p l aces  extreme demands on t h e  i n l e t  system. ‘To a t t a i n  t h e  
r e q u i r e d  l e v e l s  o f  a i r - i n d u c t i o n  system e f f i c i e n c y  ove r  a complete f l i g h t  

The r e q u i r e -  
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envelope, it i s  necessary  t o  u t i l i z e  s o p h i s t i c a t e d  var iable-geometry i n l e t s  
c a r e f u l l y  i n t e g r a t e d  with the  o v e r a l l  v e h i c l e  des ign .  

Although i t  remains f o r  s p e c i f i c  i n l e t  des igns  t o  be developed on t h e  
b a s i s  of p a r t i c u l a r  a i r c r a f t  and mission s p e c i f i c a t i o n s ,  gene ra l  r e sea rch  
e f f o r t s  are necessary  t o  determine t h e  l e v e l  o f  i n l e t  performance t o  be 

' app l i ed  i n  t h e  c r i t i c a l  e a r l y  s t a g e s  of  p re l imina ry  des ign  and concept d e f i -  
n i t i o n .  Accordingly,  an e f f o r t  has been i n i t i a t e d  by Ames Research Center  
t o  i n v e s t i g a t e  t h e  o v e r a l l  compression e f f i c i e n c y  of  a b a s i c  two-dimensional,  
l a rge - sca l e  i n l e t  system designed t o  meet t h e  r e l a t i v e l y  high performance 

s t r a t e g i c  a i r c r a f t .  The system u t i l i z e s  both e x t e r n a l  and i n t e r n a l  (mixed) 
supersonic  compression s u r f a c e s  of t h e  var iable-geometry type .  l h e s e  s u r -  
f aces  were designed t o  opt imize t h e  shock-wave p a t t e r n  and i n t e r n a l  aerody- 
namic e f f i c i e n c y  i n  terms of engine-face t o t a l - p r e s s u r e  performance a t  a f r e e -  
s t ream Mach number o f  3 .0 .  Porous i n t e r n a l  s u r f a c e s  were u t i l i z e d  f o r  
boundary-layer  b l eed  c o n t r o l .  Pre l iminary  r e s u l t s  o f  tes ts  on t h e  model a r e  
presented  f o r  a range of  Mach numbers i n  r e fe rences  1 and 2 ,  and performance 
information on similar types  of  systems i s  conta ined  i n  r e f e r e n c e s  3 t o  9 .  

. l e v e l s  necessary f o r  both commercial supe r son ic  t r a n s p o r t  and advanced m i l i t a r y  

Experimental t e s t  work was accomplished i n  t h e  Ames Unitary Plan Wind 
Tunnel a t  Mach numbers from 0.6 t o  3 . 2 ,  and a Reynolds number p e r  f o o t  from 
4 . 3 ~ 1 0 ~  t o  2.0x106, r e s p e c t i v e l y .  
formance a t  a f ree-s t ream Mach number of  3 .0  and a Reynolds number p e r  f o o t  

The p r e s e n t  r e p o r t  covers  design p o i n t  per -  

of  2.2x106. 

MODEL DESIGN CONSIDERATIONS 

Supersonic t r a n s p o r t  mission s t u d i e s  were u t i l i z e d  t o  e s t a b l i s h  t h e  
gu ide l ines  f o r  design of t he  two-dimensional i n l e t  r e sea rch  model. However, 
f i n a l  design and model i n s t rumen ta t ion  r e f l e c t  t h e  need t o  provide  b a s i c  p e r -  
formance' d a t a  app l i cab le  t o  a v a r i e t y  of a i r c r a f t  concepts .  Aerodynamic pe r -  
formance was t h e  primary cons ide ra t ion  i n  s e l e c t i n g  t h e  f i n a l  model geometry, 
although t h e  importance of reduced s t r u c t u r a l  weight was recognized by t h e  
l i m i t  s e t  on d i f f u s e r  l eng th .  

The aerodynamic merit of an i n l e t  system involves  many " t r a d e o f f s "  which 
can bes t  be eva lua ted  i n  terms of  n e t  p ropu l s ive  e f f i c i e n c y .  This  f a c t o r  
cons iders  engine ne t  t h r u s t  c a p a b i l i t y ,  i n l e t - e n g i n e  matching drag p e n a l t i e s ,  
and the  e x t e r n a l  drag o f  t he  p ropu l s ion  package. 

Net t h r u s t  i s  opt imized by high i n l e t - a i r f l o w  compression e f f i c i e n c y  
which i s  cha rac t e r i zed  by h igh  t o t a l - p r e s s u r e  recovery and low l e v e l s  of d i s -  
t o r t i o n  and turbulence  a t  t h e  engine compressor-face s t a t i o n .  The a t ta inment  
of high compression e f f i c i e n c y  over  a wide range of f r ee - s t r eam Mach numbers 
d i c t a t e s  t h e  use of var iable-geometry compression s u r f a c e s  and an i n t e r n a l  
boundary-layer b leed  system. 
i n l e t  research  program was t o  opt imize t h e  l o c a t i o n  and q u a n t i t y  of boundary- 
l a y e r  bleed flow. Since b l eed  flow and a s s o c i a t e d  duc t ing  can r e p r e s e n t  a 
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large drag  and weight pena l ty ,  determining t h e  t r a d e o f f  f o r  b l eed  q u a n t i t y  i n  
terms of  t h e  compression e f f i c i e n c y  parameters a t  des ign  cond i t ions  was an 
impor tan t  program g o a l .  

Two o t h e r  drag components t h a t  in f luenced  t h e  i n l e t  design were s p i l l a g e  
drag and e x t e r n a l  cowi p re s su re  drag .  Low angie  e x t e r n a i  compression s u r f a c e s  
a r e  e s s e n t i a l  f o r  minimum s p i l l a g e  drag ,  p a r t i c u l a r l y  dur ing  t r a n s o n i c  f l i g h t .  
where s p i l l a g e  mass flow is  g r e a t e s t .  To f u l f i l l  t h i s  requirement a propor-  
t i o n a t e l y  l a r g e  amount of i n t e r n a l  compression was provided and t h e  e x t e r n a l  
compression angle  was l i m i t e d  t o  7 .0" .  A s  a r e s u l t  of  t h i s  ramp geometry, 
t h e  cowl des ign  had low e x t e r n a l  angles  and a small p r o j e c t e d  f r o n t a l  area t o  
minimize t h e  e x t e r n a l  p r e s s u r e  drag .  

A d e s i r a b l e  f e a t u r e  of  any a i r c r a f t  s y s t e m  i s  l i g h t  weight ,  which f o r  an 
i n l e t  system is  p r i m a r i l y  a s s o c i a t e d  with s h o r t  o v e r a l l  l eng th .  Whereas t h e  
des ign  l eng th  of t h e  supe r son ic  p o r t i o n  of  a d i f f u s e r  i s  n e c e s s a r i l y  guided 
by r i g i d  aerodynamic cons ide ra t ions  a s s o c i a t e d  with t h e  shock wave p a t t e r n ,  
t h e  des ign  of  subsonic  d i f f u s e r s  i s  not  s o  c l e a r l y  l i m i t e d .  Appreciable  
ga ins  i n  v e h i c l e  payload performance are as soc ia t ed  with s h o r t ,  l igh t -weight  
subsonic  d i f f u s e r s ;  however, such d i f f u s e r s  a r e  u s u a l l y  accompanied by i n t o l -  
e r a b l e  l e v e l s  of  engine-face flow d i s t o r t i o n  which degrade t h e  thermodynamic 
performance o f  t h e  engine .  S ince  i n s u f f i c i e n t  experimental  d a t a  e x i s t  on 
subsonic  d i f f u s e r  systems f o r  two-dimensional i n l e t s ,  cons ide rab le  e f f o r t  
dur ing  both  des ign  and t e s t  was devoted t o  t h i s  a spec t  of t h e  r e sea rch  program 
Included i n  t h e  t e s t i n g  was t h e  i n v e s t i g a t i o n  o f  v o r t e x  gene ra to r s  t o  improve 
engine- face  flow d i s t o r t i o n .  

F i n a l l y ,  mixed-compression i n l e t  systems must be capable  of  a l lowing 
i n t e r n a l  supersonic  compression t o  s t a r t  a t  a r e l a t i v e l y  low supe r son ic  Mach 
number. An "uns ta r ted"  i n l e t  above a l o c a l  cowl l i p  Mach number o f  about 1 . 5  
causes  excess ive  t o t a l - p r e s s u r e  l o s s e s  and s p i l l a g e  drag because of  t h e  
e x t e r n a l  p o s i t i o n  o f  t h e  te rmina l  shock wave. The problem i s  one of reducing 
t h e  geometr ic  c o n t r a c t i o n  r a t i o  of t h e  i n l e t  t o  a va lue  c o n s i s t e n t  with a low 
s t a r t i n g  Mach number. For two-dimensional systems e i t h e r  c o l l a p s i n g  ramps 
o r  a t r a n s l a t a b l e  cowl w i l l  provide t h e  geometr ic  v a r i a t i o n  needed. Both 
methods were u t i l i z e d  on the  p r e s e n t  model so  as no t  t o  compromise t h e  over-  
a l l  requirements  o f  (a)  matching of f -des ign  engine  a i r f l o w  demand, (b) provid-  
i ng  a r e l a t i v e l y  s h o r t  d i f f u s e r  and, (3)  providing e f f i c i e n t  e x t e r n a l  
compression and s p i l l a g e  a t  low of f -des ign  Mach numbers. 

MODEL AND APPARATUS 

Figure  1 shows t h e  two-dimensional i n l e t  r e s e a r c h  model i n s t a l l e d  i n  t h e  
t u n n e l .  Some d i s t i n g u i s h i n g  model f e a t u r e s  a r e  t h e  boundary-layer  b l eed  
d u c t s ,  shown mounted on t h e  top  of t h e  model, t h e  var iable-ramp d r i v e  mecha- 
nism, shown above t h e  s idewa l l  b l eed  e x i t  p o r t s ,  and t h e  porous i n t e r n a l  
s u r f a c e s .  

Geometric d e t a i l s  of  t h e  model i nc lud ing  i n s t a l l e d  in s t rumen ta t ion  a r e  
p re sen ted  i n  f i g u r e s  2 through 10. A drawing o f  t h e  model, designed f o r  an 
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en t r ance  Mach number of 3 .0  i s  shown i n  f i g u r e  2 ( a ) ;  t h e  t h e o r e t i c a l  i n v i s c i d  
shock-wave p a t t e r n  f o r  t h i s  c o n d i t i o n  i s  shown i n  f i g u r e  2 ( b ) .  
compression ramp i s  f i x e d  a t  an angle  o f  7 .0"  and t h e  c a p t u r e  h e i g h t  and width 

. a r e  both f i x e d  a t  14.0 inches .  An a d j u s t a b l e  ramp assembly provides  t h e  v a r i -  
a t i o n  i n  i n t e r n a l  c o n t r a c t i o n  r a t i o  r e q u i r e d  f o r  t h e  range  o f  t e s t  Mach num- 
b e r s .  The assembly con ta ins  t h r e e  ramps (ramps 2 ,  3 ,  and 4 i n  f i g .  2 ( a ) )  and 
. i s  pos i t i oned  by a d j u s t i n g  t h e  h e i g h t  of  t h e  t h r o a t  ramp (3) which i s  a c t u -  
a t e d  through a double l i nkage  mechanism. The f i r s t  movable ramp (2) has  a 
s t r a i g h t - l i n e  contour  from t h e  h inge  l i n e  a t  model s t a t i o n  28.0 t o  s t a t i o n  
54.1 and can be v a r i e d  through a range of  ang le s  (62) from about  6" t o  1 4 " .  
A f l o a t i n g - p i n  h inge  a t t a c h e s  t h e  t h r o a t  ramp t o  t h e  a f t  ramp (4) and provides  
t h e  length adjustment r e q u i r e d  dur ing  a c t u a t i o n  of  t h e  ramp assembly. A f i x e d  
c o n i c a l  e x i t  p lug  with t r a n s l a t i n g  s l e e v e  i s  provided  t o  c o n t r o l  t h e  main-duct 
f low. Also,  t h e  cowl is  t r a n s l a t a b l e  through t h e  l imits i n d i c a t e d  i n  
f i g u r e  2 ( a ) .  

The i n i t i a l  

Figure 3 shows t h e  r e l a t i o n s h i p  o f  t h e  second ramp angle  t o  both  t h e  
duc t  he igh t  and a r e a  a t  t h e  t h r o a t  s t a t i o n .  
region (divergence)  was c o n t r o l l e d  by t h e  d i f f e r e n t i a l  movement of  t h e  two 
ramp a c t u a t i n g  arms. 
a r e  noted.  To achieve des ign  o r  normal divergence t h e  ramp system was oper-  
a t e d  w i t h  the arms p a r a l l e l  as shown i n  f i g u r e  2 ( a ) .  Minimum divergence 
r e s u l t e d  i n  a s i g n i f i c a n t  displacement  of t h e  t h r o a t  l o c a t i o n  t o  a downstream 
model s t a t i o n  ( see  f i g .  4 ) .  

The a r e a  v a r i a t i o n  i n  t h e  t h r o a t  

Curves f o r  t h e  maximum and minimum l i m i t s  of  divergence 

Var i a t ions  of d i f f u s e r  a r e a  r a t i o '  a r e  p l o t t e d  i n  f i g u r e  5 f o r  represen-  
t a t i v e  second ramp angles  (62) of 7 .0" ,  10 .0" ,  and 14 .0" .  A t  des ign  condi-  
t i o n s  (62 = 14" ) ,  about 60 pe rcen t  of  the  supe r son ic  a r e a  c o n t r a c t i o n  was 
accomplished i n t e r n a l l y .  Area - ra t io  d e t a i l s  i nc lud ing  t h e  l i m i t s  o f  t h e  
v a r i a b l e  t h r o a t  divergence f o r  t h e  second ramp design angle  of 1 4 "  a r e  
p l o t t e d  i n  f i g u r e s  6 and 7 .  I n i t i a l  t e s t s  were completed on a s h o r t  subsonic  
d i f f u s e r  w i t h  an equ iva len t  c o n i c a l - d i f f u s e r  angle  (28) of  about however, 
t h e  maximum l o c a l  t u rn ing  ang le  of  t h e  ramp s u r f a c e  was about 26". 
ca t ed  the ramp flow was sepa ra t ed  i n  t h e  subsonic  d i f f u s e r ;  t h e r e f o r e ,  t h e  
d i f f u s e r  was redesigned t o  have a more s t anda rd  l eng th  approximating an equiv-  
a l e n t  conical  angle  of 6.5" A r e l a t i v e l y  minor change was made i n  engine-  
f a c e  s t a t i o n  a r e a .  In  a .ddi t ion,  ramp cu rva tu re  was modif ied reducing t h e  
maximum l o c a l  t u rn ing  ang le  t o  about 16". 
n a l  geometry of  both t h e  s h o r t  and s t anda rd  l eng th  d i f f u s e r s  i s  provided i n  
t a b l e  1 f o r  des ign  cond i t ions .  C i r c u l a r - a r c  f i l l e t s  p rov ide  t h e  t r a n s i t i o n  
from the  r e c t a n g u l a r  shaped t h r o a t  t o  a c i r c u l a r  e x i t .  
engine- face  s t a t i o n  appears  a s  a " s t r e t ched"  c i r c l e  shape i n  f i g u r e  9 .  

Tests i n d i -  

Complete informat ion  on t h e  i n t e r -  

The in t e rmed ia t e  

D e t a i l s  o f  t he  boundary-layer-bleed system a r e  shown i n  f i g u r e  8. 
V a r i a t i o n  of  t h e  i n t e r n a l  b l e e d  d i s t r i b u t i o n  was accomplished with a s e r i e s  
of r ep laceab le  p e r f o r a t e d  p l a t e s  with variotls ho le  s i z e s  and p o r o s i t i e s .  
Sidewall  p l a t e s  a r e  des igna ted  S1 t o  S6 and t h e  cowl and ramp p l a t e s  a r e  
des igna ted  C 1  t o  C3 and R 1  t o  R 6 ,  r e s p e c t i v e l y .  The ramp boundary-layer  
b l e e d  flow passed through t h e  p e r f o r a t e d  p l a t e s  i n t o  t h r e e  compartmented 

duc t  c e n t e r l i n e .  

4 

I 

'Area r a t i o  i s  determined from t h e  l o c a l  a r e a  i n  a p l ane  normal t o  t h e  

2Average va lue  f o r  f u l l  l eng th  of subsonic  d i f f u s e r  ( see  f i g .  6 ) .  
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b l e e d  zones ( I ,  11, and 111) l o c a t e d  above t h e  ramp assembly and s e p a r a t e d  
by h inged-p la te  d i v i d e r s .  The s i d e w a l l  bleed flow a s s o c i a t e d  w i t h  zones II 
and I11 was i n i t i a l l y  ducted through passages w i t h i n  t h e  s idewal l  s t r u c t u r e  
and i n t o  t h e  compartmented r e g i o n s .  The a i r  was exhausted through c i r c u l a r  
d u c t s  t o  v a r i a b l e  a r e a  e x i t  p lugs  ( see  f i g .  2 ) .  Some o f  t h e  b leed  flow was 
exhausted d i r e c t l y  t o  t h e  ambient a i r s t r e a m  throiigh a d j i i s t ~ ~ h l e  a r e 3  e x i t  p o r t s  
Both t h e  forward s i d e w a l l  b leed  (zone I )  and a l l  cowl b l e e d  flows were 
exhausted i n  t h i s  manner. Compartmentation and d i v i s i o n  o f  t h e  boundary- 
layer -b leed  mass flow as descr ibed  above was a p r e c a u t i o n  taken t o  prec lude  
flow r e c i r c u l a t i o n  due t o  t h e  l o n g i t u d i n a l  p r e s s u r e  g r a d i e n t s  w i t h i n  t h e  
d i  f f u s e r  . 

Subsonic d i f f u s e r  i n v e s t i g a t i o n s  involved t h e  use o f  vor tex  g e n e r a t o r s  
t o  improve d i f f u s i o n  e f f i c i e n c y .  References 10 and 11 provided performance 
d a t a  f o r  s e l e c t i n g  t h e  geometry and l o c a t i o n  o f  t h e  v o r t e x  g e n e r a t o r s  as 
shown i n  f i g u r e  8 ( c ) .  Vortex g e n e r a t o r  he ight  and angle  o f  a t t a c k  were 
v a r i e d  dur ing  t h e  i n v e s t i g a t i o n .  

Flush s t a t i c - p r e s s u r e  o r i f i c e s  were loca ted  along t h e  mid-duct l i n e  
of a l l  f o u r  i n t e r n a l  s u r f a c e s  and extended t o  t h e  e x t e r n a l  l i p  s u r f a c e s  of 
t h e  cowl and s i d e w a l l s .  Boundary-layer survey rakes were i n s t a l l e d  on 
ramps 2 ,  3 ,  and 4 and a t  two s t a t i o n s  on both t h e  cowl and r ight-hand s i d e -  
w a l l  ( s ee  f i g .  8 ( a > ) .  $lain duct  average t o t a l - p r e s s u r e  recovery r a t i o  was 
determined by area-weight ing t h e  engine-face rake t o t a l - p r e s s u r e  measurements. 
The average recovery was, i n  t u r n ,  used t o  c a l c u l a t e  main duct  mass flow by 
cons ider ing  uniform choked flow c o n d i t i o n s  a t  t h e  e x i t  plug minimum flow- 
a r e a  s t a t i o n .  A drawing o f  t h e  engine-face rake assembly is  shown i n  f i g -  
u r e  9 .  V e r t i c a l  c e n t e r l i n e  rakes A and D included e x t r a  t o t a l - p r e s s u r e  
probes n e a r  t h e  duct  s u r f a c e s  t o  permit  b e t t e r  accuracy i n  d e f i n i n g  boundary- 
l a y e r  p r o f i l e s .  The s t a t i c - p r e s s u r e  c e l l  i n d i c a t e d  i n  f i g u r e  9 was a resis- 
tance  type  wi th  a range o f  +25 p s i  and a good frequency response up t o  500 H z .  
Three a d d i t i o n a l  c e l l s  were l o c a t e d  a t  forward duct  s t a t i o n s  a s  i n d i c a t e d  i n  
f i g u r e  8 ( b ) .  Bleed mass-flow and t o t a l - p r e s s u r e  recovery r a t i o s  were cal-  
c u l a t e d  from rake  measurements near  t h e  e x i t  of  each b l e e d  duct as shown i n  
f i g u r e  10. Porous-p la te  flow c o e f f i c i e n t s  were a l s o  c a l c u l a t e d  from t h e s e  
rake measurements and a p p l i e d  i n  c a l c u l a t i n g  those  cowl and s i d e w a l l  b l e e d  
q u a n t i t i e s  t h a t  were exhausted d i r e c t l y  t o  ambient c o n d i t i o n s .  

TEST PROCEDURE AND MEASUREMENTS 

The e l ec t r i ca l  a c t u a t o r s  t h a t  p o s i t i o n e d  t h e  movable model components 
were remotely c o n t r o l l e d  from a s i n g l e  console .  Actua tor  p o s i t i o n s  were 
i n d i c a t e d  by means o f  e i t h e r  s l i d e w i r e  o r  r o t a r y  type  microvol tage p o t e n t i -  
ometers used i n  conjunct ion  wi th  c a l i b r a t e d  i n d i c a t o r  u n i t s .  
curve o f  main duct  t o t a l - p r e s s u r e  recovery r a t i o  versus  boundary-layer  b l e e d  
mass-flow r a t i o  was e s t a b l i s h e d  f o r  each model c o n f i g u r a t i o n  and t e s t  condi- 
t i o n .  I n i t i a l l y ,  t h e  model was " s t a r t e d "  ( t e rmina l  shock i n t e r n a l )  by open- 
i n g  t h e  e x i t  a r e a  and a c t u a t i n g  t h e  t h r o a t  ramp t o  i n c r e a s e  t h e  t h r o a t  area.  
Also,  t h e  cowl was r e t r a c t e d  t o  f a c i l i t a t e  t h e  s t a r t i n g  p r o c e s s ,  a f t e r  which 
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t he  cowl was r epos i t i oned  a t  t h e  forward l o c a t i o n  and t h e  t h r o a t  h e i g h t  
decreased u n t i l  "uns t a r t ' '  occur red .  The "uns ta r t : '  t h r o a t  h e i g h t  was recorded 
and a " r e s t a r t "  sequence i n i t i a t e d .  
s e v e r a l  t h r o a t  h e i g h t s  up t o  10 pe rcen t  g r e a t e r  than t h e  " u n s t a r t "  va lue .  
For each t h r o a t  s e t t i n g ,  d a t a  p o i n t s  were recorded f o r  a range of t e rmina l  
shock wave loca t ions  up t o  t h e  most forward s t a b l e  p o s i t i o n .  The main-flow 
e x i t  a rea  was ad jus t ed  t o  c o n t r o l  t he  t e rmina l  shock wave p o s i t i o n  i n  t h e  
t h r o a t  region.  

I n l e t  performance was then measured f o r  

Pressures  were measured with a Scaniva lve  assembly mounted on t h e  model 
which. u t i l i z e d  r e s i s t a n c e - t y p e  p r e s s u r e  t r a n s d u c e r s .  A Beckman r e c o r d e r  
l oca t ed  o u t s i d e  t h e  wind tunne l  converted t h e  e l e c t r i c a l  s i g n a l s  t o  d i g i t a l  
readouts  f o r  about  250 p r e s s u r e  measurements. The s e q u e n t i a l  readout  process  
r equ i r ed  approximately one minute t o  complete.  Actua tor  readings  f o r  d e t e r -  
mining ramp, cowl, and p lug  p o s i t i o n s  were a l s o  recorded f o r  each d a t a  p o i n t .  

P rec i s ion  o f  d a t a  was e s t ima ted  on t h e  b a s i s  of  t h e  fo l lowing  cons idera-  
t i o n s .  The e r r o r  band o f  t he  p r e s s u r e  t r ansduce r s  was ob ta ined  by c a l i b r a -  
t i o n ,  and the  accuracy of  t h e  var ious  o t h e r  measuring and r eco rd ing  
instruments  determined by c a l i b r a t i o n  and cons is tency  o f  d a t a  r e p e a t a b i l i t y .  
A number o f  independent v a r i a b l e s  ( t o t a l  p r e s s u r e ,  duc t  a r e a ,  e t c . )  were 
used t o  c a l c u l a t e  mass flow r a t i o s ,  and an a n a l y t i c a l  e r r o r  a n a l y s i s  was made 
t o  account f o r  t h e  accuracy o f  a l l  v a r i a b l e s .  The maximum e r r o r s  were d e t e r -  
mined t o  be  t h e  fo l lowing:  

+ O .  005 

k0 .005  
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pt /p t  +0.010 
2 0 0  
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RESULTS AND DISCUSSION 

Boundary- Layer- B 1  eed Conf igura t ions  

A r e p r e s e n t a t i v e  number of t he  boundary-layer-bleed conf igu ra t ions  
i n v e s t i g a t e d  a r e  i d e n t i f i e d  i n  t a b l e  2 .  Each conf igu ra t ion  i s  numbered and 
a l e t t e r  key  i n d i c a t e s  t h e  h o l e  s i z e  and p o r o s i t y  o f  i n d i v i d u a l  p l a t e s .  Fur- 
t h e r  d e s c r i p t i o n  i s  provided f o r  t hose  p a t t e r n s  ob ta ined  when the  ho le s  were 
f i l l e d  i n  a s p e c i f i e d  manner t o  a l t e r  the  d i s t r i b u t i o n  o f  b l e e d  flow. For 
example, t h e  a f t  p o r t i o n  of  ramp p l a t e  R 2  was f i l l e d  t o  prevent  flow r e c i r -  
c u l a t i o n  due t o  t h e  p r e s s u r e  r i s e  r e s u l t i n g  from impingement of  t h e  cowl 
leading-edge shock wave. Also,  t he  a f t  h a l f  of  cowl p l a t e  C 3  was f i l l e d  t o  

6 
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I prevent  e x c e s s i v e  b l e e d  flow when t h e  terminal  shock wave was moved forward 
t e  t h e  pes i t i n r?  f e r  m a x i m n m  recevery  near t h e  m i n i m m  t h r o a t  s t a t i o n .  

a t t e m p t s  t o  reduce b l e e d  flow requirements .  Conf igura t ion  6 7  employed an . 
I t r i a n g u l a r  p a t t e r n s  u t i l i z e d  f o r  conf igura t ions  82 and 83 a l s o  r e p r e s e n t  
I 

I i s e n t r o p i c  t u r n  between t h e  i n i t i a l  f i x e d  ramp and v a r i a b l e  ramp 2 as  i n d i -  
ca ted  ip, tz-le 2 .  +=-dip,ates fsr + h ; e  +..--:-- ,-,.-C--- --- : - - 1 - - A - A  ' 
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t a b l e  1.  

The e f f ec t s  of v a r i a t i o n s  i n  boundary-layer-bleed c o n f i g u r a t i o n  and 
subsonic  d i f f u s e r  design a r e  shown i n  f i g u r e  11. Maximum t o t a l - p r e s s u r e  
recovery and t h e  a s s o c i a t e d  d i s t o r t i o n  index are  p l o t t e d  a g a i n s t  boundary- 
layer -b leed  mass-flow r a t i o .  Bleed-duct t h r o t t l i n g  p lugs  and e x i t - a r e a  p l a t e s  
were f i x e d  i n  t h e  f u l l  open p o s i t i o n  t o  allow choked flow through t h e  porous 
p l a t e s  and t h u s  minimize t h e  p o s s i b i l i t y  o f  r e c i r c u l a t i o n .  A l l  o f  t h e  con- 
f i g u r a t i o n s  f o r  which d a t a  a r e  p r e s e n t e d  achieved maximum performance n e a r  
t h e o r e t i c a l  design c o n d i t i o n s  o f  t h e  c o n t r a c t i o n  r a t i o  and second ramp angle  
(A2 = 14" ) .  
i n  most c a s e s .  General ly ,  i n c r e a s e s  i n  the boundary-layer-bleed mass-flow 
r a t i o  f o r  a given d i f f u s e r  i n c r e a s e d  t h e  va lues  o f  maximum recovery and 
reduced t h e  a s s o c i a t e d  d i s t o r t i o n .  S o l i d  connect ing l i n e s  have been drawn 
through t h e  d a t a  p o i n t s  f o r  those  b l e e d  c o n f i g u r a t i o n s  which were t e s t e d  with 

6 7 ,  and 8 0 j .  The d a t a  show t h a t  t o t a l - p r e s s u r e  recovery was improved when 
t h e  d i f f u s e r  length  was i n c r e a s e d  and vor tex  g e n e r a t o r s  were added. A s i g -  
n i f i c a n t  reduct ion  i n  d i s t o r t i o n  l e v e l  , however, was accomplished only when 
vor tex  g e n e r a t o r s  were added t o  t h e  ramp and cowl s u r f a c e s  i n  combination 
wi th  t h e  s t a n d a r d  d i f f u s e r . 3  
0 . 1 2  t o  0.05 was recorded f o r  b l e e d  conf igura t ion  80 a s  a r e s u l t  o f  us ing  
v o r t e x  g e n e r a t o r s .  Overa l l  performance was a l s o  h i g h ,  and u n l e s s  s t a t e d  
o therwise ,  t h e  remaining d i s c u s s i o n  w i l l  be concerned only with b l e e d  conf ig-  
u r a t i o n  80 i n  combination with t h e  s tandard  d i f f u s e r  and normal t h r o a t  
divergence.  

I 

The t h r o a t  reg ion  divergence was set  a t  e i t h e r  normal o r  minimum 

I 

I v a r i o u s  combinations of  d i f f u s e r  l e n g t h  and vor tex  g e n e r a t o r s  (24, 52, 5 4 ,  59, 

I 

I 
A t o t a l  improvement i n  d i s t o r t i o n  index from 

I 
t 

I 

E ng i n  e - F ace Perform an ce 

Vortex g e n e r a t o r  e f f e c t -  Engine-face t o t a l - p r e s s u r e  performance is  
p l o t t e d  i n  f i g u r e s  1 2  t o  14, showing t h e  e f fec ts  o f  v o r t e x  g e n e r a t o r s .  
T o t a l - p r e s s u r e  recovery and d i s t o r t i o n  index are p l o t t e d  ( f i g .  12) a g a i n s t  
boundary-layer-bleed mass-flow r a t i o  which i n c r e a s e s  as t h e  t e r m i n a l  shock 
wave i s  moved forward toward t h e  t h r o a t  s t a t i o n .  Without vor tex  g e n e r a t o r s  , 
t h e  s t a n d a r d  d i f f u s e r  provides  r e l a t i v e l y  h igh  t o t a l - p r e s s u r e  recovery ,  b u t  
t h e  d i s t o r t i o n  index i s  a l s o  high s i n c e  values  g r e a t e r  than  0.10 can cause 
degrada t ion  of  engine performance, Engine-face t o t a l - p r e s s u r e  contours  and 
p r o f i l e s  f o r  t h e  maximum recovery p o i n t  ( f i g s .  13 and 1 4 )  i n d i c a t e  s e p a r a t e d  
flow on t h e  ramp s i d e  o f  t h e  duct s i n c e  the wal l  s t a t i c  p r e s s u r e  was g r e a t e r  
than t h e  l o c a l  t o t a l  p r e s s u r e .  The flow on t h e  ramp i s  s u s c e p t i b l e  t o  sepa-  
r a t i o n  because t h e  ramp i s  curved whi le  t h e  i n n e r  cowl s u r f a c e  is  n e a r l y  
s t r a i g h t .  To avoid s e p a r a t e d  flow, f o u r  p a i r s  of  v o r t e x  g e n e r a t o r s  were 
mounted i n  a row a t  t h e  forward ramp l o c a t i o n  ( f i g .  8) t o  f o r c e  mixing w i t h i n  

3Vortex g e n e r a t o r s  were no t  i n v e s t i g a t e d  with t h e  s h o r t  d i f f u s e r .  
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t h e  boundary l a y e r  forward o f  t h e  p o i n t  of  s e p a r a t i o n .  
and 14 i n d i c a t e  t h a t  t h e  flow became completely a t t a c h e d  a t  t h e  engine- face  
s t a t i o n  (80 V R F ) ;  consequent ly ,  maximum recovery  i n c r e a s e d  from 0.885 t o  0.90 

. a n d  d i s t o r t i o n  decreased from 0.12 t o  0 .08 ( f i g .  1 2 ) .  Boundary-layer-bleed 
mass-flow r a t i o  remained a t  about 0 .146.  Addi t iona l  mixing of  t h e  flow wi th  a 
second row of  v o r t e x  g e n e r a t o r s  l o c a t e d  downstream d i d  n o t  provide  f u r t h e r  

-improvement. Mounting v o r t e x  g e n e r a t o r s  on both  t h e  cowl and t h e  ramp s u r -  
faces, however, d i d  decrease  d i s t o r t i o n  f u r t h e r  t o  0 .05 ,  b u t  caused a small 
reduct ion  i n  maximum t o t a l - p r e s s u r e  recovery .  

The d a t a  o f  f i g u r e s  13  

Included i n  f i g u r e  12 a r e  t h e  maximum recovery v a l u e s  measured f o r  t h e  
axisymmetric4 and two-dimensional i n l e t s  o f  r e f e r e n c e s  1 and 3 ,  r e s p e c t i v e l y .  
Both i n l e t s  u t i l i z e d  h i g h l y  developed boundary-layer-bleed systems i n  t h e  
supersonic  compression reg ion  of t h e  duct  s i m i l a r  t o  t h e  i n l e t  o f  t h i s  
r e p o r t .  Performance comparisons of  t h i s  type  r e q u i r e  c a r e f u l  c o n s i d e r a t i o n  
of t h e  design l i m i t s  o f  t h e  c o n f i g u r a t i o n s  involved .  I n  t h i s  cqse both  
referenced i n l e t s  were designed f o r  t h e o r e t i c a l  shock-wave l o s s e s  from 2 t o  
3 percent  less than t h a t  of  t h e  p r e s e n t  i n l e t .  A t  equa l  l e v e l s  o f  boundary- 
l a y e r  bleed t h e  experimental  r e s u l t s  r e f l e c t  t h e s e  t h e o r e t i c a l  d i f f e r e n c e s  
and show t h e  p r e s e n t  i n l e t  is  about 3 p e r c e n t  low i n  t o t a l - p r e s s u r e  recovery .  
I t  i s  i n t e r e s t i n g  t h a t  t h e  two-dimensional model o f  r e f e r e n c e  3 was designed 
with a very long subsonic  d i f f u s e r  and r e g i s t e r e d  t h e  lowest d i s t o r t i o n  l e v e l  
of  t h e  three d e s i g n s ;  whereas t h e  axisymmetric model wi th  a r e l a t i v e l y  s h o r t  
subsonic  d i f f u s e r  and vor tex  g e n e r a t o r s  on t h e  centerbody and cowl s u r f a c e s  
provided a h i g h e r  d i s t o r t i o n  index than t h e  b e s t  c o n f i g u r a t i o n s  of  t h e  o t h e r  
two des igns .  

Engine-face t o t a l - p r e s s u r e  contours ,  such as  i n  f i g u r e  13, show t h e  flow 
t o  be symmetrical about t h e  v e r t i c a l  c e n t e r l i n e ,  and maximum flow asymmetry 
i s  represented  by t h e  measurements from t h e  v e r t i c a l  engine-face r a k e .  T o t a l -  
p r e s s u r e  p r o f i l e s  measured with t h i s  rake are p l o t t e d  i n  f i g u r e  15 f o r  
s e v e r a l  b leed  c o n f i g u r a t i o n s  i n  combination wi th  v a r i o u s  d i f f u s e r  and vor tex-  
genera tor  arrangements.  In  a l l  ca ses  t h e  d i f f u s e r  redes ign  (s tandard  d i f -  
f u s e r )  was n o t ,  i n  i t s e l f ,  s u f f i c i e n t  t o  e l i m i n a t e  flow s e p a r a t i o n  a t  t h e  
engine-face s t a t i o n .  Vortex g e n e r a t o r s  t o g e t h e r  wi th  t h e  s t a n d a r d  d i f f u s e r ,  
however, d i d  al low t h e  ramp flow t o  remain a t t a c h e d ,  which reduced t h e  d i s -  
t o r t i o n  index (see f i g .  11). I t  i s  p o s s i b l e  t o  s p e c u l a t e  on t h e  b a s i s  o f  
t h e s e  da t a  t h a t  vor tex  g e n e r a t o r s  would a l s o  have provided similar 
improvements t o  t h e  s h o r t  d i f f u s e r .  

Various vor tex  g e n e r a t o r  c o n f i g u r a t i o n s  were i n v e s t i g a t e d  i n  a d d i t i o n  
t o  those f o r  which d a t a  a r e  presented  i n  f i g u r e  15. 
t i o n s  were eva lua ted  a t  t h e  forward ramp l o c a t i o n  where measurements show a 
nominal boundary-layer t h i c k n e s s  of  0.25 i n c h .  l le ight  o f  t h e  v o r t e x  genera-  
t o r s  was v a r i e d  from 3/8 t o  1 .0  inch and angle  o f  a t t a c k  from 12 '  t o  18'. 
Within the range o f  t h e  v a r i a b l e s  t e s t e d ,  t h e  geometry o f  t h e  v o r t e x  genera-  
t o r s  was n o t  c r i t i c a l  f o r  o b t a i n i n g  good subsonic  d i f f u s e r  performance. 

Most of  t h e s e  conf igura-  

Effect  o f  t h r o a t  reg ion  geometry- Figure 16 i s  p r e s e n t e d  t o  show t h e  
e f f e c t  of t h r o a t  region divergence on engine- face  t o t a l - p r e s s u r e  perforniance. 

4 1 d e n t i f i e d  a s  medium length d i f f u s e r  i n  r e f e r e n c e  1. 
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Normal d ivergence  i s  compared t o  maximum, minimum, and in t e rmed ia t e  s e t t i n g s  
of d ivergence  ~ Normal and minimum d i ~ v e r g c ~ c c  Fro\;ide almost i d e n t i c a l  pe r -  
formance, wi th  maximum recovery occurr ing  when t h e  t e rmina l  shock wave i s  
about a t  t h e  geometr ic  t h r o a t  s t a t i o n .  A s  t h e  a r e a  downstream o f  the  t h r o a t  
i s  i n c r e a s e d  ove r  t h a t  f o r  normal divergence,  recovery performance i s  reduced.  
A loss i n  mavimllm r e c n ~ v e r y  cf 0 .06  i s  i n d i c a t e d  CUI llldniittuirt d ivergence .  For 
t h i s  c o n d i t i o n ,  t e rmina l  shock wave Mach numbers were apprec iab ly  h i g h e r  ' 

t han  f o r  normal d ivergence .  A s  a r e s u l t ,  t e rmina l  shock wave uns t ead iness  
was i n c r e a s e d ,  p reven t ing  t h e  te rmina l  shock wave from reaching  t h e  t h r o a t  
b e f o r e  i n l e t  u n s t a r t .  I'his reduced t h e  achievable  recovery but  t h e  
d i s t o r t i o n  index remained unchanged. 

The e f f ec t  of t h r o a t  h e i g h t  on i n l e t  t o t a l - p r e s s u r e  performance i s  shown 
i n  f i g u r e  17.  
t h r o a t  h e i g h t  (ht)  only 2 . 8  pe rcen t  greater  than  t h e  u n s t a r t  va lue  (ht,) . 
The a b i l i t y  t o  p o s i t i o n  t h e  t e rmina l  shock wave a t  t h e  t h r o a t  wi th  such a 
l i m i t e d  t h r o a t - a r e a  margin f o r  u n s t a r t  i n d i c a t e s  r e l a t i v e l y  s t e a d y  flow was 
achieved i n  t h e  t h r o a t  r eg ion .  Increas ing  t h e  t h r o a t  h e i g h t  t o  107 pe rcen t  
o f  t h e  u n s t a r t  va lue  decreased  t h e  maximum t o t a l - p r e s s u r e  recovery and 
inc reased  t h e  d i s t o r t i o n  index by approximately 0 . 0 2 .  

Both p r e s s u r e  recovery and d i s t o r t i o n  are opt imized a: a 

which a r e  based on t h e  r e fe rence  cap tu re  area a t  c1 = 0 " .  The e f fec t  i s  
r eve r sed  a t  angles  o f  yaw; duct  mass-flow r a t i o  i s  decreased  s l i g h t l y .  For 

The sum of  t h e  main-duct mass-flow r a t i o  and b l e e d  mass-flow r a t i o  from 
f i g u r e  18 i n d i c a t e s  about 1 . 5  pe rcen t  o f  t h e  cap tu re  mass flow was s p i l l e d  

5The u n s t a r t  va lue  was determined with t h e  t e rmina l  shock wave i n i t i a l l y  
l o c a t e d  downstream o f  t h e  t h r o a t  reg ion  ( s u p e r c r i t i c a l  o p e r a t i o n ) .  
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forward of t h e  l i p  lead ing  edge a t  
graphs i n d i c a t e  t h e  e x t e r n a l  shock wave d i d  l i e  s l i g h t l y  forward of  t h e  l i p  
a t  t h e s e  cond i t ions .  

Mm = 3 . 0  and CY. = 0'. S c h l i e r e n  photo-  

D i f f u s e r  Measurements 

Boundary-layer b leed-  Performance f o r  b l e e d  conf igu ra t ion  80 i s  p resen ted  
i n  f i g u r e  19.  The i n d i v i d u a l  and t o t a l  b l e e d  mass-flow r a t i o s  a r e  shown 

Y 

p l o t t e d  a g a i n s t  main-duct t o t a l - p r e s s u r e  recovery ,  which v a r i e s  wi th  t e rmina l  
shock-wave l o c a t i o n .  Forward b l e e d  flows (zones I and 11) a r e  una f fec t ed  by 
movement o f  t he  te rmina l  shock wave toward t h e  minimum t h r o a t  s t a t i o n ;  how- 
e v e r ,  t h r o a t  b l eed  (zone 111) is inc reased  from a t o t a l  of 0.045 t o  about 
0 .07 .  Nearly a l l  t h e  i n c r e a s e  i s  provided by t h e  s i d e w a l l s  p l u s  ramp as a 
r e s u l t  of high p o r o s i t y  s idewa l l  b l e e d  s u r f a c e s .  
r a t i o  is  inc reased  from about 0.12 t o  0.146. I t  is of  i n t e r e s t  t o  note  t h e  
va lues  of t o t a l - p r e s s u r e  recovery measured f o r  t h e  i n d i v i d u a l  b l e e d  duc t s  
which correspond t o  t h e  b l eed  zone mass-flow r a t i o s  p l o t t e d  i n  f i g u r e  19 .6  
Bleed ducts  1 and 2 opera ted  with cons t an t  recovery va lues  of 0 . 0 4  and 0 .12 ,  
r e s p e c t i v e l y .  The ope ra t ing  t o t a l - p r e s s u r e  recovery o f  b leed  duct  3 v a r i e d  
from 0.11 f o r  p o s i t i o n s  of t he  terminal-shock wave downstream o f  b l e e d  zone 
I11 t o  0 .17 a t  t h e  c r i t i c a l  ope ra t ing  cond i t ion .  The i n c r e a s e  is  a s s o c i a t e d  
with t h e  s t a t i c - p r e s s u r e  r i s e  across  t h e  t e rmina l  shock wave. This r i s e  
r ep resen t s  an inc rease  i n  t o t a l  p r e s s u r e  f o r  t h e  t h r o a t  reg ion  boundary- l a y e r  
flow which is  b l e d  through t h e  p e r f o r a t e d  s u r f a c e  p l a t e s  and i s  e v e n t u a l l y  
exhausted by b l eed  duct 3 .  

To ta l  duct  b l eed  mass-flow 

S t a t i c - p r e s s u r e  d i s t r i b u t i o n s -  Local s t a t i c - p r e s s u r e  r a t i o s  measured 
along the  i n t e r n a l  s u r f a c e s  of t he  i n l e t  model a r e  shown p l o t t e d  i n  f i g u r e  2 0 .  
Also noted on t h e  f i g u r e  a r e  va r ious  geometr ic  f e a t u r e s  t o g e t h e r  w i th  
boundary-layer  rake l o c a t i o n s .  The curves  a r e  i d e n t i f i e d  by t h e  correspond-  
ing engine f ace  t o t a l - p r e s s u r e  recovery va lues  p l o t t e d  i n  f i g u r e  1 2 .  S t a t i c -  
p re s su re  d i s t r i b u t i o n s  on t h e  ramp, cowl, and s idewa l l  s u r f a c e s  i n  t h e  
supersonic  d i f f u s e r  agree  we l l  with t h e o r e t i c a l  va lues  obta ined  from two- 
dimensional , i n v i s c i d ,  wedge-flow r e l a t i o n s h i p s .  The maximum recovery 
condi t ions  both with and without  vo r t ex  gene ra to r s  occurred  with t h e  
terminal-shock wave l o c a t e d  e s s e n t i a l l y  a t  t he  minimum t h r o a t  s t a t i o n .  In  
t h e  region downstream of t h e  t h r o a t  t h e  v_ortex gene ra to r s  provide a s l i g h t  
change i n  ramp s t a t i c - p r e s s u r e  r a t i o  and i n c r e a s e  t h e  s t a t i c - p r e s s u r e  
recovery a t  t h e  engine-face s t a t i o n .  This change i s  r e l a t i v e l y  small con- 
s i d e r i n g  the  l a r g e  improvement i n  d i s t o r t i o n  ev iden t  i n  f i g u r e s  1 2  t o  1 4 .  
The s idewa l l  d i s t r i b u t i o n s  of f i g u r e  20(b)  f o r  maximum recovery show a con- 
s t a n t  s t a t i c  p re s su re  immediately downstream of  b l eed  zone 111, which sugges ts  
l o c a l  flow s e p a r a t i o n .  This c h a r a c t e r i s t i c  i s  evidence o f  boundary-layer  
b l eed  r e c i r c u l a t i o n ,  which is due t o  excess ive  p o r o s i t y  of t h e  s i d e w a l l  
boundary- l a y e r  b l eed  p l a t e s  i n  t h e  t h r o a t  r e g i o n .  

Boundary-layer c h a r a c t e r i s t i c s -  Boundary-layer p r o f i l e s  measured on t h e  
ramp, cowl, and s idewa l l  sur faces7  a r e  p re sen ted  i n  f i g u r e s  2 1  through 23. 

6Bleed duct 1 handled zone I ramp b l e e d ,  b l e e d  duc t s  2 and 3 handled 

'Rake l o c a t i o n s  a r e  i n d i c a t e d  on f i g u r e  8 ( a ) .  
ramp l u s  s idewa l l  b leed  f o r  zones I 1  and 111, r e s p e c t i v e l y .  
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Ramp s u r f a c e  measurements a t  upstream, t h r o a t ,  and downstream l o c a t i o n s  a r e  
p l o t t e d  i n  f i g u r e  2 i  as t o t a i - p r e s s u r e ,  Mach number, and v e l o c i t y  p r o f i l e s .  
The boundary-layer  t h i ckness  measured along t h e  ramp s u r f a c e  was uniformly 
about 0.25 inch .  Throat reg ion  t o t a l - p r e s s u r e  r a t i o s  i n d i c a t e  a core flow ' 

recovery of  about 0 . 9 4  as compared with the t h e o r e t i c a l  des ign  shock-wave 
recovery va iue  of  0.950. I'he corresponding t h e o r e t i c a l  t h r o a t  Mach number 
i s  about 1 . 2 .  (See f i g .  2(b) .) The experimental  Mach number d i s t r i b u t i o n  
i n  t h e  t h r o a t  - r eg ion ,  however, i n d i c a t e s  a va lue  only s l i g h t l y  g r e a t e r  than 
u n i t y  (see Throat bfach numbers 
from 1.1 t o  1 . 2  would be  more c o n s i s t e n t  with t h e  r a t i o  of  t h r o a t  he igh t  t o  
u n s t a r t  t h r o a t  he igh t  f o r  which t h e  d a t a  a r e  p re sen ted  ( i n d i c a t e d  as 1.028 i n  
f i g .  17 ) .  
number p r o f i l e s  i n  f i g u r e  21(b) .  
a c c u r a t e l y  i n  t h e  t h r o a t  r eg ion  dur ing  s u p e r c r i t i c a l  o p e r a t i o n  because o f  
flow a n g u l a r i t y  and r e f l e c t i n g  shock waves. 
i s  no t  unexpected. 
l o c a t i o n  ( f i g .  21(c) )  provide  a c l e a r  comparison o f  t h e  e f f e c t i v e n e s s  o f  
v o r t e x  gene ra to r s .  
forced-mixing process  c r e a t e d  upstream by the vo r t ex  gene ra to r s  and r ep laced  
by a more s t r o n g l y  a t t ached  boundary-layer  p r o f i l e .  
t i o n s  a t  t h e  engine f ace  were improved as d iscussed  e a r l i e r .  

A r e p r e s e n t a t i v e  number of boundary- l aye r  p r o f i l e s  measured a t  t h e  
upstream and t h r o a t  l o c a t i o n s  on the  s idewal l  and cowl s u r f a c e s  a r e  shown i n  
f i g u r e s  22 and 2 3 ,  r e s p e c t i v e l y .  The ramp mounted vo r t ex  gene ra to r s  do not  
apprec iab ly  a f f e c t  t h e  cowl o r  s idewa l l  p r o f i l e s .  The boundary-layer t h i c k -  
ness  on t h e  cowl s u r f a c e  i n  t h e  t h r o a t  region i s  comparable t o  t h a t  on t h e  
s idewa l l  a l though of lower displacement  th i ckness .  Both of  t hese  boundary 
l a y e r s  a r e  cons iderably  t h i c k e r  than t h a t  on t h e  ramp. Again, t h r o a t  reg ion  
Mach number p r o f i l e s  on t h e  two s u r f a c e s  f o r  = 0.782 i n d i c a t e  low 

supe r son ic  va lues  but  both are somewhat h igher  than  t h e  va lues  measured on 
t h e  ramp. 

~. 

pt,/pt, = 0.782) ,  which i s  unreasonably low. 

Sur face  and r ake  s t a t i c  p re s su res  were used t o  compute t h e  Mach 
These p re s su res  are d i f f i c u l t  t o  measure 

Thus, a Mach number d iscrepancy  
The v e l o c i t y  p r o f i l e s  shown f o r  t h e  downstream ramp 

Low energy n e a r l y  sepa ra t ed  flow i s  e l imina ted  by t h e  

As a r e s u l t ,  f low condi- 

pt,/p tco 

Engine-face t o t a l - p r e s s u r e  d i s t r i b u t i o n s -  F igures  24 and 25 p r e s e n t  
engine- face  c e n t e r l i n e  t o t a l - p r e s s u r e  p r o f i l e s  and t o t a l - p r e s s u r e  contour  
maps, r e s p e c t i v e l y ,  f o r  t h e  flow condi t ions  r ep resen ted  i n  f i g u r e s  20 t o  23. 
Separa ted  nonuniform flow is i n d i c a t e d  on the ramp f o r  t h e  s u p e r c r i t i c a l  flow 
cond i t ion  ( i t  /p t  = 0.782) c h a r a c t e r i z e d  by the  terminal-shock wave be ing  

loca ted  downstream of  t h e  t h r o a t  boundary-layer b l eed  zone. The d i s t o r t i o n  
index va lue  f o r  t h i s  ope ra t ing  condi t ion  i s  0.22 as i n d i c a t e d  by t h e  curve 
i n  f i g u r e  1 2 .  A s  t h e  terminal-shock wave is moved nea r  t h e  t h r o a t  f o r  maxi- 
mum t o t a l - p r e s s u r e  recovery ,  s e p a r a t e d  flow i s  e l imina ted ,  thus l e s sen ing  
d i s t o r t i o n  and improving flow uni formi ty  a t  t h e  engine- face  s t a t i o n .  

2 c n  

Flow uns tead iness -  Osc i l lograph  records of t y p i c a l  d i f f u s e r  s t a t i c -  
p r e s s u r e  c e l l  ( t r ansduce r )  measurements a r e  shown i n  f i g u r e  26. P res su re  
c e l l  l o c a t i o n s  a r e  i n d i c a t e d  i n  f i g u r e s  8 (b )  and 9.  The maximum recovery  
cond i t ion  occurs  with the  t e rmina l  shock wave loca ted  s l i g h t l y  forward of  t h e  
t h r o a t  p r e s s u r e  c e l l  (2) ; consequent ly ,  t h i s  ce l l  measures apprec i ab le  
uns teadiness  i n  both t h e  s h o r t  and s t anda rd  length  d i f f u s e r s .  The amplitude 
of  t h e  p r e s s u r e  f l u c t u a t i o n s  f o r  t h e  s tandard  d i f f u s e r  is about 8 pe rcen t  of 
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t h e  free-stream t o t a l  p re s su re  compared t o  s l i g h t l y  less than 3 percen t  f o r  
t h e  s h o r t  d i f f u s e r .  S l i g h t  d i f f e r e n c e s  i n  t e rmina l  shock-wave l o c a t i o n  could  
e a s i l y  account f o r  t h i s  d i f f e r e n c e .  S teady  flow cond i t ions  e x i s t  a t  t h e  
engine face ( c e l l  4 )  during ope ra t ion  a t  maximum recovery  f o r  bo th  d i f f u s e r s .  
du r ing  opera t ion  i n  the  u n s t a r t e d  mode t h e  t h r o a t  reg ion  aga in  has  t h e  g r e a t -  
e s t  uns teadiness  (up t o  0 . 2 5 4  pt, f o r  t h e  s h o r t  d i f f u s e r ) .  The engine- face  
s t a t i o n  ( c e l l  4 ) ,  however, exper iences  f l u c t u a t i o n s  on t h e  o r d e r  o f  9 t o  18 
pe rcen t  of t h e  f r ee - s t r eam t o t a l - p r e s s u r e  v a l u e ,  which i s  cons idered  low f o r  
condi t ions  of  i n l e t  u n s t a r t .  

CONCLUDING REMARKS 

'[he r e s u l t s  of  an experimental  i n v e s t i g a t i o n  o f  a l a r g e - s c a l e  two- 
dimensional mixed-compression i n l e t  system are p resen ted  f o r  an i n l e t  des ign  
Mach number of 3 .0 .  Var iab le  geometry f e a t u r e s  o f  t he  system f o r  o f f -des ign  
opera t ion  a r e  an a d j u s t a b l e  ramp system and a t r a n s l a t i n g  cowl. Porous 
i n t e r n a l  s u r f a c e s  on t h e  ramps, s i d e w a l l s ,  and cowl are  provided f o r  boundary- 
l a y e r  bleed c o n t r o l .  The e f f e c t s  of  subsonic  d i f f u s e r  shape ,  t h r o a t  reg ion  
divergence,  and t h r o a t  h e i g h t  were i n v e s t i g a t e d .  The u t i l i z a t i o n  o f  a modi- 
f i e d  subsonic  d i f f u s e r  i n  combination wi th  vo r t ex  gene ra to r s  mounted i n  t h e  
t h r o a t  region and an opt imized boundary-layer-bleed c o n f i g u r a t i o n  provided  
high t o t a l - p r e s s u r e  performance wi th  low d i s t o r t i o n  a t  t h e  compressor-face 
s t a t i o n .  A t  t h e  des ign  Mach number a t o t a l - p r e s s u r e  recovery o f  0 .90  was 
obta ined  f o r  a boundary-layer-bleed mass-flow r a t i o  of  0 .146 a t  ang le  of 
a t tack  and angle  o f  yaw equal  t o  zero.  Inc reas ing  a t o  4" o r  L3 t o  2" 
r e s u l t e d  i n  a l o s s  i n  recovery o f  about 0 . 0 2 ;  however, engine- face  d i s t o r t i o n  
remained low. Boundary-layer p r o f i l e s  were measured on t h e  i n t e r n a l  duct  
s u r f a c e s  and i n d i c a t e d  t h a t  bo th  s idewa l l  and cowl boundary l a y e r s  were 
t h i c k e r  than those  on the  ramp s u r f a c e .  P r o f i l e s  measured on t h e  ramp s u r -  
f a c e  i n  t h e  subsonic  d i f f u s e r  i n d i c a t e d  t h a t  a s t r o n g  forced-mixing e f f e c t  
r e s u l t e d  from the  use of  vo r t ex  g e n e r a t o r s .  A s  a consequence, s e p a r a t e d  
flow a t  t h e  engine- face  s t a t i o n  was r ep laced  by an a t t a c h e d  boundary l a y e r :  
and maximum recovery was inc reased .  S t a t i c - p r e s s u r e  uns t ead iness  was found 
t o  be most severe  i n  t h e  terminal-shock-wave reg ion  of  t h e  t h r o a t .  Unsteadi-  
ness was not  ev iden t  a t  t h e  engine- face  s t a t i o n  dur ing  normal i n l e t  o p e r a t i o n .  
Uuring u n s t a r t  cond i t ions ,  however, measurements of  s t a t i c - p r e s s u r e  f l u c t u a -  
t i o n s  up t o  18 pe rcen t  of  t h e  f r ee - s t r eam t o t a l  p r e s s u r e  were obta ined  a t  
t h e  engine-face s t a t i o n .  

A m e s  Research Center  
Nat ional  Aeronaut ics  and Space Adminis t ra t ion  

Moffet t  F i e l d ,  C a l i f . ,  94035, Feb. 10, 1970 
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TABLE 2.- BOUNDARY-LAYER-BLEED CONFIGURATIONS 

A f t  4 in .  of p l a t e  holes f i l l e d  

A 0.125 in .  diameter holes, 13$ porosi ty  

B 0.125 in .  diameter holes, 19.6 porosi ty  

C 0.078 i n .  diameter holes, 7 . 6  porosi ty  

S Soi ld  o r  blank p l a t e  with zero porosi ty  

Is Isen t ropic  surface 

1-a Aft-half of p l a t e  holes f i l l e d  

m F.d-ha2f of p l a t e  holes f i l l e d  

Every Other two rows Of 

H P l a t e  holes f i l l e d  i n  t r iangular  pa t te rn  

E Pla t e  holes f i l l e d  i n  pa t te rn  denoted 
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Figure 3.- Relationship of second ramp angle to height and area 
ratio at the throat station. 
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Figure 4.- Relationship of second ramp angle to throat location. 
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I 13.82 
Wall statics, 3 places 

-- - -  
Pressure' 

F1-50-<- . I  4 35" No. cell 4 

View looking downstream 

I DISTANCE FROM WALL 
"IJBE A B O R C  D 

NO 
1 -13 .26 .13 
2 .25 .77 .25 
3 .50 1.38 .50 
4 .78 2.07 .78 
5 1.37 2.89 1.37 
6 2.04 3.36 2.04 
7 2.85 4.17 2.85 

9 - -  4.67 
8 3.99 - 3.99 

0 Static pressure 

0 Total pressure 

Note: All dimensions 
are in inches 

Figure 9.- Main duct engine-face instrumentation, standard diffuser. 
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0 Total pressure 
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a 

Figure 10.- Bleed duct pressure instrumentation. 
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Figure  11.- The e f f e c t  o f  boundary-layer-bleed c o n f i g u r a t i o n  and subsonic  
d i f f u s e r  des ign  on engine- face  maximum recovery  performance; optimum 
divergence,  Mm = 3.0 ,  CI = 0".  
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Figure  1 2 . -  The effect  o f  v o r t e x  gene ra to r s  on engine- face  t o t a l - p r e s s u r e  
performance; b l e e d  conf igu ra t ion  80, M, = 3 . 0 ,  c1 = 0'. 
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h, i n .  

Figure 14. - The effect of vortex generators on engine-face vertical total- 
pressure profiles for maximum total-pressure recovery; bleed configura- 
tion 80, Moo = 3 . 0 ,  a = 0'. 
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. 00 

Figure 1 5 . -  The e f f e c t  of  subsonic  d i f f u s e r  des ign  and v o r t e x  gene ra to r s  
on engine- face  v e r t i c a l  t o t a l - p r e s s u r e  p r o f i l e s  f o r  maximum t o t a l -  
p re s su re  recovery ;  optimum divergence ,  Mm = 3.0,  a = 0 ' .  
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(b) Bleed c o n f i g u r a t i o n  54. 

F igure  15.- Continued. 
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(c) Bleed configuration 59. 

Figure 15.- Continued. 
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(d) Bleed configuration 67. 

Figure 15. - Concluded. 
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Figure 16.- The e f f e c t  of t h r o a t  divergence on engine- face  t o t a l - p r e s s u r e  
performance; conf igu ra t ion  80 VRF, Mm = 3 . 0 ,  ci = 0 " .  
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Figure 17.- The effect of throat height on engine-face total-pressure 
performance; configuration 80 VRF,  Mm = 3 . 0 ,  a = 0" .  
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Figure 18.-  The e f f e c t  o f  angle  of a t t a c k  and yaw on engine- face  t o t a l -  
p r e s s u r e  performance; conf igu ra t ion  80 VRF, Ma = 3.0,  a = 0 " .  
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(b) Main duct mass-flow ratio. 

Figure 18.- Concluded. 
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Figure 24.- Engine-face ver t i ca l  total-pressure profiles; configurations 
80 VRF and 80, Moo = 3 . 0 ,  ci = 0 " .  
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